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Abstract

A detailed investigation of the dependence of the efficiency of plasmon-enhanced enzymatic reactions on the distance between silver island films
(SIFs) and horse radish peroxidase (HRP) enzyme and on the loading of SIFs on glass surfaces is presented. Three different extent of loading of SIFs
on glass slides were used: 1) low, 2) medium and 3) high, which was characterized by using optical absorption spectroscopy and scanning electron
microscopy. Streptavidin-linked HRP enzyme was deposited onto SIFs and glass slides by using three different strategies: strategy 1: biotin-avidin
protein assay (distance between SIFs and HRP = 4-8 nm), strategy 2: self assembled monolayers (SAMs) (1-5 nm), strategy 3: polymer layer (1-5
nm). The efficiency of enzymatic conversion of O-phenylenediamine dihydrochloride (OPD) to a colored product by HRP on SIFs and glass surfaces
was assessed by optical absorption spectroscopy. The distance between SIFs and HRP and the extent of loading of SIFs on the glass surfaces were
shown to have significant effect on the efficiency of plasmon-enhanced enzymatic reactions. In this regard, up to an %250 increase in enzymatic
conversion of OPD was observed from SIFs with high loading using strategy 1. In addition, we have studied the potential of repeated use of SIFs in

plasmon-enhanced enzymatic reactions.
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1. Introduction

Plasmonics, a new research field based on the
utilization of the surface plasmons of metallic structures
(nanoparticles and planar surfaces), has been in use in
many applications of bionanotechnology today. Plasmonic
(surface plasmon-supporting metallic) structures can
manipulate and transport electromagnetic energy and
afford for the realization of more efficient biological and
electronic processes. Surface Plasmon Resonance (SPR),
Surface Enhanced Raman Scattering (SERS) and Surface
Plasmon Fluorescence Spectroscopy (SPFS) are the most
commonly known plasmonics technologies emerged in
the last two decades. In addition, plasmonic nanoparticles
have attracted the attention of scientists around the
world due to their size (in the order of biomolecules
themselves), amenability to the attachment of biological
materials and their exceptional optical and electronic
properties.
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By combining the biological materials with plasmonic
structures, one can create hybrid systems, which display
biological and electronic functions at the same time.
Moreover, these hybrid systems can enhance one or both
of the functions of its components; for example, it was
previously shown that plasmonic nanoparticles enhance
the electro-catalytic response of a glucose oxidase system
(glucose biosensor)[1] and the detection of various
analytes of interest, such as hydrogen peroxide and uric
acid [2], thiocholine [3], carcinoembryonic antigen [4]
and DNA [5]. Several strategies for the immobilization
of enzyme on plasmonic structures have been
developed: layer-by-layer assembly[6], self-assembled
monolayers[7], protein-antigen interactions[8], covalent
attachment[9] and sol-gels[10]. Despite the existence of
wide range of studies on enzyme/nanoparticle hybrids, the
comparison of enzyme immobilization strategies and the
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effect of nanoparticle loading on surfaces on enzymatic
activity were never reported.

In this paper, we present a detailed investigation
of the dependence of enzymatic activity on the
nanoparticle-enzyme distance and nanoparticle loading
on planar surfaces. In this regard, three different
SIFs were prepared (low, medium and high loading)
on 3-Aminopropyltriethoxysilane (APTS)-coated
glass slides. The loading of SIFs on glass slides were
monitored by the absorbance of surface plasmon
resonance peak of silver. These silvered surfaces and
unsilvered (blank) APTS-coated glass slides (control
experiment) were used for the comparison of three
different enzyme immobilization strategies for plasmon-
enhanced enzymatic activity. A biotin-streptavidin protein
assay (strategy 1), SAMs (strategy 2) and poly-I-lysine
layer (strategy 3) were used to vary the distance of the
enzyme from the silver surface. The enzymatic activity
was followed by the colorimetric measurement of the
product produced as a result of enzymatic conversion
of o-phenylenediamine (OPD) on silvered surfaces
and blank glass slides. It was found that up to an %250
increase in enzymatic conversion of OPD was observed
from SIFs with high loading using strategy 1, providing
a direct evidence that plasmon-enhanced enzymatic
activity is highly dependent on the enzyme-nanoparticle
distance and the extent of loading of SIFs. These findings
will help the scientific community to better design
enzyme-nanoparticle hybrid systems for applications in
bionanotechnology.

2. Materials

Hexamethylenediamine (98%), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC), hydrogen peroxide (30 wt. %
solution in water), N-hydroxysulfosuccinimide sodium
salt (NHS), poly-I-lysine solution (0.1% w/v in water),
sodium hydroxide (99.99%), streptavidin-peroxidase
from streptamyces avidinii (HRP-streptavidin), albumin-
biotin-labeled-bovine (biotinylated-Bovine Serum
Albumin) (b-BSA), bovine serum albumin (99%) (BSA),
D-glucose, 3-Aminopropyltriethoxysilane (APTS) (99%),
ammonium hydroxide (30%) and nitric acid (A.C.S
reagent grade) were all obtained from Sigma-Aldrich.
Boric acid, borax (sodium borate), sodium phosphate
dibasic and monobasic anhydrous were all obtained from
Fisher Scientific. Culture well chambered cover glass (2
wells, 15 mm diameter, 2.0 mm deep) were obtained from
Electron Microscopy Sciences (Hatfield, PA). Glass slides
(micro slides, thickness: 0.96 to 1.06 mm) was obtained
from Corning Inc. O-phenylenediamine dihydrochloride
(OPD) was obtained from Thermo-Scientific and was
stored at -20°C before use. Silver nitrate (A.C.S reagent
grade) was purchased from Spectrum Chemical Mfg
Corporation. Citric acid (analytical reagent grade) was
purchased from Mallinckrodt Chemical Works. Sulfuric
acid (A.C.S reagent grade) was purchased from Pharmco
product Inc. Ethyl alcohol (200 proof) was purchased
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from PHARMCO. All chemicals were used as received.
All solutions were prepared using deionized water
obtained from Millipore Direct Q3 system.

3. Methods

(1) Silanization of Glass Slides using 3-aminopropyl-
triethoxysilane (APTS). The silanization procedure
was done in accordance with the literature.[11],[12]
All glass slides used in this work were cleaned using
piranha solution (CAUTION: Sulfuric acid and Hydrogen
peroxide in a ratio of 7:3 should be handled with care),
the slides were later rinsed using deionized water and
kept to dry at room temperature. The silanization solution
was prepared using 5% (w/v) APTS in 200 proof ethanol
solution. The glass slides are then placed in a capped vial
container that contains the prepared APTS solution for an
hour, before rinsing with ethanol and water. The APTS-
coated slides were later kept to dry at room temperature.

(2) The Formation of Silver Island Films on APTS-
coated Glass Slides (Low, medium and high loading).
SIFs were prepared according to the previously described
procedure.[13] A solution of silver nitrate (0.5 g in 60
mL of deionized water) was placed in a clean 100 mL
glass beaker, which contains a Teflon-coated stir bar.
The prepared solution is placed on a Corning stirring/
hot plate. While stirring 8 drops of freshly prepared
5% (w/v) sodium hydroxide solution is added to the
solution. A dark brown precipitates of silver particles is
formed immediately. Ammonium hydroxide (~2 mL) is
then added, drop by drop, to redissolve the dark brown
precipitates. The solution, which is clear, is then cooled
to 5 °C by placing the beaker in an ice bath, followed
by soaking the APTS-coated glass slides in the solution.
A freshly prepared solution of D-glucose (0.72 g in 15
mL of deionized water) is then added to the solution
containing the APTS-coated glass slides. The temperature
of the mixture is then warmed to 30°C. The color of
the mixture was observed to turn from yellow-green
to yellow-brown, and the color of the slides becomes
green, the SIFs-deposited APTS-coated glass slides were
removed from the mixture, rinsed with deionized water,
and dried using air. The different SIFs-deposition was
done under different time intervals before removal, [low
deposition (~50 seconds), medium deposition (~2 min),
high deposition (~4 mins)].

(3) Preparation of Protein Assay (Biotin-Avidin) on
SIFs-deposited APTS-coated glass slides and on Glass
(Strategy 1). Biotin groups was introduced onto the glass
and silver surfaces through biotinylated BSA, which
results in the formation of a monolayer on the surface of
glass and SIFs.[14] The schematic depiction of Strategy 1
is shown in Scheme 1. Culture well chamber cover glass
(2 wells, 15 mm diameter, and 2.0 mm deep) was used to
cover the slides before the addition of biotinylated BSA in
pH 7 buffer (~200 pL) that incubated for approximately
30 minutes. Chambers were washed using deionized
water to remove the unbound materials and dried using
air. Bovine Serum Albumin (BSA, 0.5mg/mL) solution
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was then incubated inside the chambers for 30 minutes
to minimize nonspecific binding of HRP-streptavidin to
SIFs surfaces. HRP-streptavidin stock solution (1000 pg/
mL) is prepared using the sodium phosphate (monobasic)
buffer solution at pH 7, the stock solution is then diluted
1:10 to a final concentration of 100 pg/mL. Two hundred
microliters of HRP-streptavidin solution was subsequently
added into the chamber containing the monolayer of
biotinylated BSA-coated with SIFs-deposited APTS-
coated glass slides. The incubation was carried out for 30
minutes at room temperature. The chambers were later
washed using deionized water, dried with air to remove
the unbounded HRP-streptavidin prior to the addition of
o-phenylenediamine dihydrochloride.

(4) Preparation of SAMs on SIFs-deposited APTS-
coated Glass Slides (Strategy 2). A stock solution of 100
mM of hexamethylene diamine (HMA) in a borate buffer
at pH 11.5 (2.38 g of boric acid, 1.27 g borax and 5%
sodium hydroxide using 500 mL deionized water). The
SIFs-deposited APTS-coated glass slides were immersed
in HMA solution for 30 minutes. [Note: Incubation
longer than 30 minutes results in the removal of SIFs
on the surface of the glass]. The slides were rinsed with
water to remove the unbounded HMA, and dried using
air. Scheme 2 shows the schematic depiction of Strategy
2. Culture well chamber cover glass (2 wells, 15 mm
diameter, and 2.0 mm deep) is then used to cover the
slides before the addition HRP-streptavidin. The HRP-
streptavidin was activated using the mixture of 200 mM
of N-hydroxysulfosuccinimide sodium salt (NHS) and 50
mM of N-(3-dimethylaminopropyl)-N'- ethylcarbodiimide
hydrochloride (EDC) in sodium phosphate dibasic
buffer solution at pH 8 for 30 minutes. Unbound HRP-
streptavidin was removed by washing with deionized
water, before the addition of o-phenylenediamine
dihydrochloride.

(5) Preparation of Poly-L-lysine Monolayer on
SIFs-deposited APTS-coated Glass Slides (Strategy
3). The preparation of a Poly-L-lysine monolayer to
attach proteins onto alkanethiol-modified gold surfaces
has been previously described in literature.[15] Proteins
are attached by direct cross-linking with amino groups of
poly-L-lysine. Scheme 3 shows the schematic depiction of
Strategy 3. The culture wells were used to cover the SIFs-
deposited APTS-coated glass slides before the addition of
poly-L-lysine (~200 pL) as described previously, which
is kept for 30 minutes at room temperature. The slides
were rinsed with deionized water and dried using air to
remove the unbounded poly-L-lysine. HRP-streptavidin
is then added after activation with the mixture of 200 mM
of N-hydroxysulfosuccinimide sodium salt (NHS) and 50
mM of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC). The slides were rinsed with
deionized water and dried using air, before the addition of
o-phenylenediamine dihydrochloride.

(6) Preparation of o-phenylenediamine
dihydrochloride (OPD). OPD was prepared according
to the manufacturer’s product information. 10 mg of OPD
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was dissolved in 10 mL of phosphate-citrate buffer, pH
5.0 ( 25.7 mL of 0.2 M dibasic sodium phosphate, 24.3
mL of 0.1 M citric acid and 50 mL of deionized water).
The pH of the solution was adjusted to 5.0 using 5%
sodium hydroxide, 10 uL of 30% hydrogen peroxide. In
all experiments, OPD concentration was set to 5.52 mM.
A 2.5 M solution of sulfuric acid was used in stopping the
reaction after the oxidation product of o-phenylenediamine
and horseradish peroxidase was obtained,[16],[17],[18].
The absorbance of OPD was observed at 495 nm in all
experiment, which was in accordance with the literature
value.[19]

4. Instrumentation

All absorption measurements were done using Cary 50
Bio UV-Visible spectrophotometer, obtained from Varian,
Inc. Scanning Electron Microscope images of SIFs were
taken at University of Maryland Dental School Core
Imaging Facility. Real-color photographs of SIFs before
and after use were taken by a 5 MP digital camera.

5. Results and Discussion

The deposition of SIFs onto APTS-coated glass surfaces
was carried out using Tollen’s reaction scheme, which
affords one to vary the extent of silver nanostructures
deposited onto the glass surface by varying the time of
growth of silver nanostructures. In this regard, SIFs with
three different extent of loading (low, medium and high)
was prepared. To prepare the SIFs with low loading, the
glass slides were removed from the reaction medium
immediately after the yellow-brown color formation in
the medium (~50 seconds), while SIFs with medium
and high loading were removed after ~2 mins and ~4
mins, respectively. Figure 1-Left shows the absorption
spectrum for all SIFs, where an increase in SPR peak of
the SIFs is observed as the loading of SIFs on glass slides
is increased: low loading (SPR peak = 0.465), medium
loading (0.800) and high loading (1.535). The SPR peak
of SIFs with high loading is blue-shifted as compared to
the other two surfaces, which implies that the size of SIFs
with high loading is smaller than the other two surfaces.
Figure 1-Right shows the real-color photographs of SIFs
taken before use in the subsequent experiments, which
visually demonstrate the change in loading of SIFs on
glass slides.

In order to verify the observations made by absorption
spectra and real-color photography, SIFs were also
characterized by SEM (Supporting Information, Figure
S1). SEM images show that the size of the SIFs was 50-90
nm for low and medium loading of SIFs and ~50 nm for
SIFs with high loading. SEM images also show that SIFs
were deposited in a homogeneous manner. The low and
medium loading SIFs appear as individual nanoparticles,
where the distance between SIFs was shorter in high
loading surfaces as compared to the surfaces with low
and medium loading. These observations, although not
absolutely, afforded for the direct comparison of the effect
of loading of silver nanostructures on the enzymatic
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activity. It is also important to note that the effect of size
of silver nanostructures were not attempted in this study
due to the lack of control over the size of SIFs that can be
deposited using Tollen’s reaction scheme, which yields a
distribution of sizes as observed here.

Fig. 2 shows the summary of results for Strategy 1
(Biotin-Avidin assay, Fig. 2-Top-Left). This assay scheme
places the enzyme 4-8 nm away from the silver surface.
It should be noted that HRP enzyme is oriented away
from the surface, affording for all HRP to be involved in
enzymatic activity. To study the enzymatic activity on
glass slides and SIFs, a solution of OPD (5.52 mM) was
placed on these surfaces. The interaction of OPD and
HRP-streptavidin resulted in the change of color of the
solution from colorless to light brown. Colored solution
was removed after ~2 min of incubation and then placed
in a vial that contains 1 mL of 2.5 M concentration of
sulfuric acid (stopping reagent). The solution was further
diluted using sulfuric acid to yield absorbance values
< 1. The absorbance spectrum of the colored solution
was measured after two uses of the same surface and are
shown in Figure 2-Bottom. A control experiment, where
SIFs was omitted from the glass surface, was also run
twice to determine the background absorbance levels of
OPD after the interaction with HRP-streptavidin without
silver nanoparticles (straight and dashed lines for 1st and
2nd use in Figure 2-Top-Right, respectively). The average
absorbance value measured from the control experiment
in the first use was 0.095, which was significantly lower
than those for SIFs [Low (0.195), Medium (0.250), and
High (0.255)]. Subsequently, it can be stated that SIFs
are responsible for the ~250% increase in the OPD
absorbance. It is important to note that the amount of
HRP was similar on both surfaces, which was previously
demonstrated in another study from our laboratory[20].
However, the absorbance of OPD was decreased after
the second use of the surfaces (Figure 2-Bottom and
Top-Right), which could be attributed to the loss of
enzymatic activity and/or loss enzyme from the surface
due to the detachment of SIFs and HRP. To investigate
these hypotheses, the absorption spectrum and real-color
photographs of SIFs after 1st and 2nd use were taken
and shown in Fig. 3. The real-color photographs and the
absorbance value at SPR peak of SIFs show that SIFs
were significantly detached from the surface after the
2nd use, which confirms the loss of SIFs and HRP from
the surfaces. The loss SIFs from the surface is attributed
to the extensive washing steps carried out during the
experiments.

It is important to comment on the nature of surface
plasmons of plasmonic structures with respect to their
effect on biological functions. Plasmonic (e.g. gold,
silver) nanoparticles are known to interact with light,
which induces collective oscillations of the metal’s
electrons (i.e., surface plasmons).[21] The electric fields
around the plasmonic nanoparticles are significantly
increased, which is dependent on the wavelength of the
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incident light. It was shown that plasmonic nanoparticles
can also interact with each other over distances up to
2.5 times of their diameter.[21] When a chromophore is
placed in close proximity to plasmonic nanoparticles,
two observations can be made: 1) electric field effect and
2) coupling of excited states energies of chromophores
to surface plasmons (Fig. 3).[22] In the electric field
effect, chromophores in close proximity (<10 nm) to the
plasmonic nanoparticles are exposed to the increased
electric fields in between and around the plasmonic
nanoparticles, effectively resulting in significant increases
in their absorption cross section. This lends itself to a
subsequent increase in the excitation and eventually in the
fluorescence emission from the chromophores, while the
lifetime remains unchanged. In the second mechanism,
where the excited-state energies of chromophores are
partially transferred to surface plasmons, two distinct
observations can be made for fluorescent species in
close proximity to plasmonic nanoparticles: 1) an
increase in the fluorescence emission from the metal-
fluorophore unified system with the spectral properties
of the chromophores maintained, and 2) a reduction in
the fluorescence lifetime, giving rise to improvements
in the photostability of the chromophores. More
recently, plasmonic nanoparticles are also predicted to
increase the efficiency of chemical energy production
of a photosynthetic system[23]. It was predicted that an
increase in electron transfer processes occurs between
the metal and photosynthetic system[23]. The predicted
increase in the efficiency of the photosynthetic system
was attributed to 1) plasmon enhancement of photon
fields inside the light-absorbing chlorophyll molecules
and 2) the energy transfer from chlorophylls to metal NPs.
The first effect is thought to lead to strong enhancement
of light absorption by the chlorophylls, whereas the
second effect is thought to account for the reduction in
the quantum yield of the system [23]. It is also thought
that plasmonic nanoparticles increase the efficiency of
electron transfer processes in enzymatic reactions, similar
to the photosynthetic system described above.

Fig. 4 shows the summary of results for Strategy 2
(SAM, Fig. 4-Top-Left). Since HMA has one primary
NH, groups at both ends of the molecule: while one of
the NH, groups chemisorbed onto SIFs, the other one
is used in the covalent attachment of HRP-streptavidin
to SIFs. The covalent attachment of HRP-streptavidin
is carried out after the activation of -COOH groups
of HRP and streptavidin with NHS and EDC (to NHS
esters) followed by displacement of the NHS groups by
amine groups. The enzymatic activity was studied using
the identical conditions described for strategy 1 in the
previous paragraph. Fig. 4 shows an absorbance spectrum
(Fig.4-Bottom) and the absorbance value (Fig. 4-Top-
Right) of OPD at 495 nm after 1st and 2nd use. A control
experiment, where SIFs and HMA were omitted from the
glass surface, was also run to determine the background
absorbance levels of OPD after the interaction with HRP-
streptavidin without SIFs (straight and dashed lines for
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Scheme 1 Schematic depiction of Strategy 1: HRP enzyme is deposited
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Scheme 3 Schematic depiction of Strategy 3: HRP enzyme is covalently
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amine groups. In control samples SIFs are omitted from glass slide
surfaces.
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Fig. 2 Schematic depiction of Strategy 1 (Top-Left). Absorbance of
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2nd use used in Strategy 1.

183 st

Article
Strategy 2
Nquro'upf.
H T A
- m R R

Silanized Glass Slide HHS / EDC

OPD

RT
+H,0, 2min

+H;0, A=49nm

Control sample

Scheme 2 Schematic depiction of Strategy 2: HRP enzyme is
covalently linked to SIFs using amide chemistry. Glass microscope
slide is modified with 3-aminoproyltriethoxysilane, which contains
terminal amine groups. In control samples SIFs and HMA are omitted
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18
sel 4 1= Abscrtance, High, 1535 Wavelength = 330 nm Before use

2= Abscrtance:Medum, 0800, Waelength =450rim . =
W 3= Absortance, low, 0465 Wavelerth = 415nm High Medium  Low
12 o

Absorbance

400 00 600 70 800
Wavelength (nm)

Fig. 1 (Left) Absorption spectrum for SIFs: low, medium and high
loading, (Right) Real-color photographs of SIFs: low, medium and high
loading.

High Medium Low High Medium Low

Ny
4%
o

ABSORBAICE

Low Medium  High
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1st use, (Top-Right) after 2nd use. (Bottom) corresponding absorbance
values of SIFs.
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Fig. 6 Schematic depiction of Strategy 3 (Top-Left). Absorbance of
OPD at 495 nm (Top-Right) and absorption spectrum (Bottom) of OPD
on glass slide and SIFs (low, medium and high loading) after 1st and
2nd use used in Strategy 3.

Ist and 2nd use in Figure 4-Top-Right, respectively). The
absorbance value measured from the control experiment
in the Ist use was 0.122, which was slightly lower than
those for SIFs. Moreover, absorbance values for OPD
on SIFs and glass slides after 2nd use were similar to
the background levels. Subsequently, it can be stated
that strategy 2 did not yield significant enhancements
of enzymatic activity. This may be attributed to the
orientation of HRP to the surface: since this strategy
employs covalent bonding between NH, and COOH
groups and HRP has also COOH groups, HRP is also
expected to be involved in covalent bonding. One can
expect that the covalent bonding of HRP to the surface
results in the blockage of some of the enzyme’s active
sites, and thus, in the decrease in the number of HRP
involving in enzymatic activity as compared to strategy 1.
To investigate whether SIFs are detached from the surface
as a result of washing and enzymatic activity in strategy
2, the absorption spectrum and real-color photographs of
SIFs after 1st and 2nd use were taken and shown in Figure
5. The real-color photographs and the absorbance value
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Fig. 5 Real-color photographs of SIFs used in Strategy 2: low, medium
and high loading (Top-Left) before use, (Top-Middle) after st use,
(Top-Right) after 2nd use. (Bottom) corresponding absorbance values
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Fig. 7 Real-color photographs of SIFs used in Strategy 3: low, medium
and high loading (Top-Left) before use, (Top-Middle) after 1st use,
(Top-Right) after 2nd use. (Bottom) corresponding absorbance values
of SIFs.

at SPR peak of SIFs show that SIFs were significantly
detached from the surface after the 2nd use, which
confirms the loss of SIFs and HRP from the surfaces. The
loss SIFs from the surface is attributed to the extensive
washing steps carried out during the experiments.

Figure 6 shows the summary of results for Strategy 3
(poly-L-lysine, Fig. 6-Top-Left). In this strategy, poly-L-
lysine is used to covalently attach HRP-streptavidin to the
SIFs and glass surfaces. HRP-streptavidin was activated
using NHS and EDC and was covalently linked to poly-
L-lysine using the same attachment method as described
in strategy 2. Once again, both HRP and streptavidin
molecules are thought to be involved in covalent
attachment to SIFs, which results in blockage of the
active sites of HRP. To study the enzymatic activity, OPD
solution was added to the surfaces and the absorbance
spectra of OPD after 1st and 2nd use were measured as
shown in Figure 6-Bottom. A control experiment, where
SIFs were omitted from the glass surface, was also run
to determine the background absorbance levels of OPD
after the interaction with HRP-streptavidin without
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silver nanoparticles (straight and dashed lines for 1st and
2nd use in Figure 6-Top-Right, respectively). A slight
increase in OPD absorbance for SIFs as compared to
glass surface was observed in both experiments, which
indicates that the use of poly-L-lysine results in increase
in the enzymatic activity of HRP. Since some of the HRP
enzymes are involved in the covalent bonding to the
surface, which results in the blockage of the enzyme’s
active sites, one would expect a decrease in the number of
HRP involving in enzymatic activity.

To investigate whether SIFs are detached from the
surface as a result of washing and enzymatic activity
in strategy 3, the absorption spectrum and real-color
photographs of SIFs after 1st and 2nd use were taken and
shown in Figure 7. The real-color photographs and the
absorbance value at SPR peak of SIFs show that SIFs
were slightly detached from the surface after two runs,
which confirms that strategy 3 is the best immobilization
technique in terms of the stability of SIFs among the
techniques used in this study. However, it is important
to remind that the largest increase in absorbance (i.e.,
enzymatic activity) was observed using strategy 1.
Work is currently underway to use these strategies in the
development of nanoparticle-polymer-enzyme hybrid
electrodes.

6. Conclusions

In this paper, we employed three different
immobilization strategies for the investigation of the
plasmon-enhanced enzymatic activity, which was assessed
by optical absorption spectroscopic measurements of
the interaction between OPD and HRP-streptavidin. The
optical absorption spectroscopy studies revealed that
the enzymatic activity was increased as the loading of
SIFs on the glass surface was increased. Protein assay
(strategy 1), which places the enzyme ~4-8 nm away
from the surface, was shown to be the most effective
immobilization strategy in terms of obtaining the largest
extent of plasmon-enhanced enzymatic activity. This
was attributed to the use of plasmonic nanoparticles and
the accessibility of the HRP active sites afforded by this
immobilization technique. On the other hand, although
a slight increase in enzymatic activity was observed in
strategy 3, it was concluded to be the best immobilization
technique in terms of the stability of SIFs among the
techniques used in this study, which shows that SIFs
can be repeatedly used in plasmon-enhanced enzymatic
reactions.
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